INTRODUCTION
The upper temperature for the useful application of commercial titanium alloys in turbine engines is approximately 750 K (890' F). The most recent experimental alloys have raised this temperature limit to some-what above 800 K (980' F); but considered as a whole, the various strength properties of titanium alloys begin to degrade rapidly above 750 K (890' F). Below this temperature the strength properties generally decrease only moderately with increasing temperature.
of the various compressor stages of a typical advanced turbine engine. These bladesare subjected to temperatures between approximately 500 and 900 K (440' and 1160' F), as shown in figure 1. Through stage 6, near 750 K (890' F), the titanium alloy selected has useful creep strength. Above this temperature, however, a nickel-base superalloy must be used. The creep strength of the nickel alloy greatly exceeds that of the titanium alloy. In fact, the strength is so much greater that even when normalized with respect to specific gravity as shown in figure 2, at 850 K (1070' F) the nickel alloy has four times the The effect of this limitation can be seen in the materials considered for t h e blades -Specific-gravity-compensated stress required to produce a design creep strain in 100 hours in titanium and nickel alloys considered for advanced turbine engines.
creep strength of the titanium alloy. Unfortunately, the nickel alloy has a specific gravity almost twice that of the titanium alloy (8, as compared to 4,5), which results in both a greater blade stress due to centrifugal loading and a significantly higher engine weight.
latter stages of the compressor because of the inadequate strength of titanium alloys. Moreover, the use of titanium alloys is further complicated by the susceptibility of titanium to oxygen contamination above approximately 850 K (1070' F).
latter stages of a compressor was studied, an intermetallic compound. Only one i n t t rmetallic compound with useful ductility has been studied in any detail, the equiatomic compound titanium-nickel (TiNi). It has a specific gravity of 6.45, intermediate between titanium and nickel. The compound T i N i has been studied in detail by many investigators primarily because of its unique memory properties, which are associated with a lowtemperature martensitic transformation, with the Ms temperature just below 450 K (350' F). Consequently, few high-temperature tensile property determinations have been made. This study was conducted to survey the tensile properties and oxygen contamination behavior of TiNi and several of its alloys in the temperature range between 800 and 1000 K (980' and 1340' F), a range of temperatures above that in which current titanium alloys are useful as compressor blade materials. These properties a r e compared with those of the advanced titanium alloy Ti-6242 (Ti-6A1-2Sn-4Zr-2Mo).
Thus, though it entails a weight penalty, the nickel-base alloys must be used in the
In light of these considerations, a different type of possible blade material for the MATERIALS AND PROCEDURE
Materials and Specimen Preparation
Equal atomic amounts of titanium and nickel with the alloying additions listed in table I were triple arc-melted under argon into 60-gram (2.1-02) buttons. These alloys were then drop cast into cylinders approximately 15 millimeters (0.59 in, ) in diameter and 30 millimeters (1.2 in.) in length. In addition, annealed Ti-6242 rods were machined to these dimensions. These materials were steel jacketed and extruded at 1200 K (1700°'F) at a reduction ratio of 8:l. The steel jackets were removed by acid leaching and the extrusions swaged at 1100 K (1520' F) to 3 millimeter (0.12-in.) rods. The rods were sectioned and centerless ground to the tensile specimen configuration shown in 
Experimental Procedure
The tensile specimens were tested at room temperature and at 800, 850, 900, 950, and 1000 K (980°, 1070°, 1160°, 1250°, and 1340' F) at a crosshead speed of 0.020 millimeter per second (0.047 in. /min). The specimens were tested in the as-swaged condition unless subjected to a prior oxidation exposure. The Ti-6242 was also tested in the as-swaged condition. The measured strength of Ti-6242 is not less than the published values for duplex annealed material (ref. 1).
silica boats in a n open vertical tube furnace f o r various lengths of time at 900and 1000 K (1160' and 1340' F). Their ductilities as compared to unexposed specimens are employed as a measure of susceptibility to embrittlement, with the assumption that loss of ductility can be attributed solely t o oxygen contamination.
Considerable difficulty was encountered in the metallographic preparation of the alloys. The common etchants suitable f o r titanium alloys (33CH3COOH-33HN03-33H20-1HF) and TiNi (82H20-14HN03-4HF) simply pitted the T i N i alloys. Only the nickel etchant 30HN4C 1-50HN03-20H20 was able to partially delineate grain structures. The specimens were optically examined at 250X to determine their structural characteristics.
The specific gravities of the alloys examined were determined by the water displacement method.
Tensile specimens of several of the alloys investigated were oxidized in still air in
RESULTS
The ratio of ultimate stress to specify gravity of TiNi at elevated temperatures is shown in figure 4 (table II), where it is compared with that of the advanced titanium alloy, Ti-6242. The intermetallic compound was considerably weaker than the titanium alloy, as would be expected, because TiNi is a stoichiometric compound without benefit of strengthening additions.
Additions of as much as 3.4 atomic percent aluminum were examined i n this study.
Above this concentration of aluminum the extrusions could not be swaged. At low con- (table III) illustrates the effect of aluminum content on elongation. Generally, the elongation increased with increasing temperature. However , elongation at the intermediate temperature of 900 K (1160' F) was greater than at any other temperature, almost 58 percent near l atomic percent aluminum. Above approximately 2 -atomic-percent aluminum, however, the elongation varied with temperature in the expected manner. The addition of as much as 8-atomic-percent chromium had a moderate strengthening effect on T i N i , figure 8 (table IV) . However, the addition of aluminum to TiNi-Cr not only resulted in a further increase in ultimate strength, but also the accompanying minor decrease in density more than doubled the strength-to-specific -gravity ratio of TiNi.
The addition of as much as 4.5-atomic-percent silicon more than doubled the strength-to-specific-gravity ratio of TiNi, as illustrated i n figure 9 (table V).
additions of aluminum to the silicon-containing alloys resulted in the greatest specificgravity-compensated strength exhibited by any of the alloys investigated, more than triple that of unalloyed TiNi. (table VI) illustrates the effect of elevated-temperature air exposure on the room-temperature reduction in area of unalloyed TiNi and Ti-6242. Under the most severe conditions, 100-hour exposure at 1000 K (1340' F), the TiNi retained two-thirds its original ductility, but the Ti-6242 lost almost three-quarters of its ductility. The as-swaged microstructures of the tensile specimens were those of a typical worked structure. This structure persisted after elevated-temperature testing and even after the 100 hours of air exposure at 1000 K (1340' F). Only after a 25-hour exposure at 1250 K (1790' F) under argon was it possible to discern grain boundaries in the microstructure. Figure 12 shows the pearlitic structure that is characteristic of all the TiNibase alloys, with the amount of pearlite increasing with the amount of alloy addition. The particles that are evident were also present in the worked structure. . 7) , probably the nonequilibrium 7~ phase referred to in references 3 and 9. Such transformation reactions would probably not be amenable to elevated-temperature strengthing of TiNi because the decomposition reaction occurs in the temperature range of interest. Above 0-75-atomic -percent aluminum, increasing alloy content resulted in increased strength, as with the other alloys investigated. The only other anomalous behavior associated with aluminum additions is the unusually high elongation observed at 900 K (1160' F, fig. 7) . A s this is also the temperature at which the simple cubic structure reportedly decomposes, the high elongation is probably associated with transformation superplasticity (ref. 11) .
In general, the addition of aluminum, chromium, and silicon can increase the elevated-temperature ultimate strength of TiNi between two-and threefold. Considerably greater strengths will be required before the compound could be considered as an elevated-temperature structural material, f o r example, in compressor blade applications. However, the strengths achieved were presumably by simple solid-solution and secondphase hardening. The most potent strengthing mechanism, precipitation hardening, has yet to be investigated.
All the TiNi alloys have similar microstructures. T r a c e s of the pearlitic structure present in figure 12 were observed in all the specimens held at 1250 K (1790' F) and furnace cooled, Consequently, the alloy additions were probably in solution at the annealing temperature, indicating the alloys may be amenable to precipitation hardening.
(980' F, ref. 12), it will probably also limit the use of TiNi. Neverthele,ss, to 1000 K (1340' F), the loss in ductility due to embrittlement was proportionately l e s s than that associated with Ti-6242 ( fig. 10 ). In fact, with aluminum present, the TiNi showed virtually no loss in ductility ( fig. ll) , even though the exposure temperature was far higher than the temperature range of interest.
elevated-temperature tensile properties by means of allgring, it is not the tensile properties of the TiNi alloys that w i l l determine their usefulness as compressor blade materials. Instead it will be their creep and fatigue behavior, as well as their notch sensitivity and resistance to corrosion cracking, as compared to competing materials, that will be the decisive factors. Unfortunately, such information is lacking even for the simple equiatomic compound.
Alloying had a significant effect on the tensile properties of TiNi, The extent of Because oxygen contamination is a limiting factor in the use of titanium above 800 K Although this study has shown that TiNi is amenable to a significant improvement in C ONC LUSIONS
The intermetallic compound TiNi was successfully alloyed with aluminum, chromium, and silicon to increase the elevated-temperature tensile strength as much as threefold while retaining a useful level of ductility. These alloys appear sufficiently promising as a result of this study of their tensile properties and oxygen contamination behavior in the temperature range between 800 and 1000 K (980' and 1340' F) to warrent further development work on strength improvement and on the determination of their mechanical properties pertinent to elevated-temperature structural applications. Compressor blades for advanced air-breathing engines are among such applications. -_ _ _ 
